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FOREWORD
The work described herein was performed at Livingston Electronic Laboratory,
Honeywell Inc. , under NASA Contract NAS 3-13221. The work was done under
the management of the NASA Project Manager, Mr. William A. Robertson,
Direct Energy Conversion Division, NASA, Lewis Research Center.
Ill
High Energy Density Primary Batteries
by
R. J. Horning and W. R. Beck
ABSTRACT
Experimental work on mapping the performance characteristics of the CuF2/
LiAsFfc-MF/Li electrochemical system and its regions of optimum performance
as a function of cell design and operation variables is being conducted. At
present 180 whrs/lb has been achieved at 40 °C at a discharge rate of 9 ma/cm2
in a 2-3/4" x 4" seven-plate cell. Electrical performance is, at present,
primarily altered by temperature and discharge rate; however, other factors,
such as cathode water, separator thickness, and percent carbon also appear
to have significant effects.
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SUMMARY
This report describes the -work conducted on the CuF^LiAsFfc-MF/Li electro-
chemical system during the past 12 months.
Experiments have been designed to map out the performance characteristics of
the CuF2/LiAsF6-MF/Li system and its regions of optimum performance, as a
function of cell design and operational variables. Work to date has included a
compatibility and resistivity study of separator materials in three-molar LiAsF6/
MF and a number of experiments designed to determine regions of optimum per-
formance. Additional experiments were conducted concerning the selection of
constituent materials for cell components and the study of the effects of opera-
tional variables on cell performance.
As a result of the compatibility studies, three materials, glass, Reeve Angel
Grade 934H; pellon FT2140; and rayon polypropylene, were selected for use
as separators in the experiments. Cell testing to date has shown glass to be
providing the better performance.
Mapping of the performance characteristics of this system is currently in
progress. The type of experimentation being conducted includes fractional
factorials, paths of steepest ascent, and direct comparison. Yield values in
terms of watt-hours/lb, ampere-hours/lb of CuF2, and watt-hours/cm3 are
used as a basis for evaluation. At the conclusion of the testing it is intended
that this information will be applied toward the development of design and
manufacturing procedures for batteries to meet specific end uses.
Thirteen experiments have been conducted to date. Results from these experi-
ments have located one area of optimum performance occurring at a temperature
of 40°C and at a discharge rate of 9 ma/cm2 where yields of 180 watt-hours/lb
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have been achieved in seven-plate cells. Subsequent experimentation has
revealed that the maximum design point achieved is severely restricted by
temperature and discharge rate. Presently •work is being directed toward >
achieving a similar maximum design point specifically located in the mod-
erate temperature ( -HO°C) high discharge rate (38 ma/cm2) performance
region.
Future -work will include the determination of maximum design points in other
performance regions in terms of temperature and discharge rate to provide a
comprehensive picture of the response surface. At the conclusion of this phase
of the program, demonstration units will be fabricated that include all of the
optimum features, and delivered as specified in Task 3.
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1. 0 Introduction
This interim report describes the experimental work performed during the
period of 20 June 1969 to 30 June 1970 under Contract NAS 3-13221 for NASA -
Lewis Research Center toward the further development of high energy density
primary batteries. The program is a continuation of work performed under
Contract NAS 3-10613 (Final Report NASA CR-72535) and earlier contracts
for the development of a high energy density primary battery. The purpose of
this particular phase of the general program is to map out the performance
characteristics of the CuF2/LiAsF6-MF/L.i battery system, -which has been
identified as suitable for high rate, primary reserve applications. It is further
intended to determine regions of optimum performance as a function of cell
design and operational variables.
The scope of the program is defined in three tasks. Task 1 is a compatibility
and resistivity study of separator materials, the results of-which shall provide
candidate materials for use in subsequent cell testing. Task 2 is the major
portion of the program and is a general investigation of the system's perform-
ance relative to operational and construction variables. Task 3 will use the
design information generated in Task 2, along with procedures and fabrication
techniques developed to construct 20 demonstration cells containing the largest
feasible capacity and optimum design features.
The experimentation in Task 2 relies heavily on statistical disciplines concerning
factorial and fractional factorial designs. The experimental plan assumes that the
dependent variables of ampere-hours/lb of CuF2, watt-hours/lb, and watt-hours/
cm are a continuous function of the independent variables chosen, both operational
and constructional. It is further assumed that the functions can be approximated
by first and second-order polynominals that have identifiable maximums in specific
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areas of variation of the factors involved. Initial experiments are run in a
selected subregion and the resultant data fitted to a general regression equation
by the method of multiple linear regression. This particular phase of the work
is conducted at the NASA - Lewis Research Center through the use of the Rapier
computer program. When it has been decided the resultant regression equation
has provided sufficient fit in the chosen subregion, the equation coefficients are
used to determine vectors of steepest response. These vectors are studied until
it can be determined that a maximum has been achieved in the particular subregion
being investigated. At this time, experimental points around this maximum design
are taken in an effort to map out the response function in more detail. Throughout
the procedure, variables that indicate nonsignificant coefficients after a sufficient
amount of study are disregarded in further experimentation.
Up to the present time the foregoing experimental procedure was used in deter-
mining the maximum design point, a high temperature, low discharge rate
performance region. This procedure is currently being used to determine a
similar design point in the moderate temperature, high discharge rate, region.
The areas of involvement related to this program are significant in their further
development of general lithium-oriented battery technology. They may specifically
provide a system capable of considerable energy output, which will eventually
interpret as considerable savings of -weight and volume in any possible future
application.
Page #5
2. 0 Compatibility Study
This section of the report discusses the work performed during Task 1, separator
evaluation. It also includes the preparation of electrolyte and its constituent ma-
terials, which are also used in the Task 2 phase of the program.
2. 1 Preparation of Materials
Preparation of three-molar lithium hexafluo roar senate in methyl formate (LiAsF^/
MF) electrolyte was necessary to conduct Task 1. Materials used in this electro-
lyte, as received from vendors, were initially analyzed and then further processed
to provide control over the quality of the materials used. Where feasible, mate-
rials were purchased as a single lot to ensure.uniformity. Special handling and
storage procedures were developed and employed to prevent contamination during
the program life.
Each of the "as received" materials were analyzed for impurities and water content.
Spark source and emission spectroscopy are used on impurity analysis of lithium
tetrafluoroborate (LiBF4), potassium hexafluo roar senate (KAsF6), and copper
fluoride (CuFz). X-ray defraction is used to determine water in CuF2 samples
periodically. Karl Fischer techniques are used to determine water in LiBF4
and KAsFfc. Gas chromatography (GC) is employed in the analysis and control
of the methyl formate (MF).
Anhydrous CuF2, double treated with hydrogen fluoride (HF), was ordered from
Ozark-Mahoning. Thirty-five pounds in one-pound containers were received
as one lot, KW-6-133. This material is being stored in air-tight containers
with a standard desiccant. Other materials received from Ozark were ten
pounds of copper fluoride dihydrate (CuF2- 2H2O), Lot No. WH-1-86D, and
1
 Electrolyte of other molarity is required in Task 2 responsibilities; however,
the manufacturing procedure is essentially the same.
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50 pounds of KAsF6, Lot No. BD-1-24. The LiBF4 (ten kilograms), Lot No.
808-1, was received from Foote Mineral, as -was all the lithium metal used
in the program. The methyl formate (MF) used is a Matheson, Coleman and
Bell's spectroquality material.
2. 1.1 Purification of Methyl Formate '
Purification of the MF consists initially of filtering the raw stock through a
Linde 4A molecular sieve and agitating the resulting filtrate with powdered
lithium. This solution is then distilled at a flow rate of 6. 5 ml/min, and
the first 400 cc of an 1800 cc batch is discarded and the remaining collected
in argon-filled bottles which are vented to the air through a drying tube packed
with a Linde 4A molecular sieve. The distilled solution is analyzed by GC for
water, methanol, and any other impurity present in greater than 10 parts/
million concentration.
2. 1. 2 Recrystallization of KAsF6
Purification of this component salt from its raw stock condition is accomplished
by recrystallization from distilled water. Approximately 720 grams of KAsFf,
are dissolved in 2000 ml of distilled water and then heated to +60°C. The solution
is filtered, and the collected filtrate evaporated to two-thirds of its original volume
by heating to +100°C. The solution is then allowed to recrystallize for a minimum
of 12 hours, after which the crystals are separated from the solution via suction
filtration. The salt is then placed under a soft vacuum, 26" to 28" of mercury,
for one hour and a vacuum of 29" to 30" of mercury, over concentrated H2SO4
for 48 hours. The salt is then dried for a minimum of 48 hours at 110°C in a
vacuum oven. The product is analyzed by Karl Fischer for water content.
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2.1.3 Preparation of LiBF4
The '.'as received" material is dried in a vacuum oven for a minimum of 48 hours
at 110°C. The material is then checked for water content by the Karl Fischer
technique.
2.1.4 Electrolyte Preparation
The electrolyte required for both Task 1 and 2 was prepared by dissolving the
KAsF6 in MF and then adding LdBF4.to the resulting solution. The resultant
insoluble reaction product (KBF4) is then checked stoichiometrically against
what theoretically should have been precipitated, and based on this comparison
a determination of reaction completion is made. The solution is then adjusted
either by evaporation or dilution depending on what is required to achieve the
proper molarity. A detailed description of this procedure can be found in
Appendix "A, " page 77.
2. 1. 5 Control Data
Each of the materials used in the manufacture of the electrolyte are analyzed for
impurities and water content. To date, 25 batches of electrolyte have been used
with water content as determined by the Karl Fischer method ranging from 90
ppm to 260 ppm. The nominal range for 80% of the batches has been 120 to 180 ppm.
Values obtained for H2O and MeOH content in methyl formate, as determined by
GC analysis, range from less than 10 ppm to around 90 ppm. Batches with greater
than 100 ppm concentration of either of these impurities are rejected.
2. 2 Separator Evaluation
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2.2.1 Material Selection
Materials selected for the compatibility scan in three-molar LiAsF^/MF included •
those materials previously used in this cell system, those recommended by NASA,
and other promising materials selected from a preliminary scan of candidate types
in two-molar LiAsF^/MF that resulted from a review of those available in the field.
Six candidate materials were selected on the basis of an initial review and subjected
to the first complete series of compatibility tests in three-molar LiAsFe. The
three materials selected from the initial series of tests were Glass Fiber Matte
(Reeve Angel Grade 934H), polypropylene (Pellon FT2140), and Dacron (Kendall
Weblox EV100). The Kendall material was later replaced by DuPont "Textryls"
Dacron material. This replacement was necessary because the Weblox material
could not conform to the separator thickness levels chosen for experimentation.
The substituted material exhibited similar compatibility and resistivity results
and met the thickness specification. Unfortunately, when an attempt to obtain
additional quantities for use in cell testing were made, it was discovered the
product line had recently been discontinued and was no longer available. This
made it temporarily necessary to proceed with cell testing with only two candi-
date separator materials. At a later time during the cell technology phase, a
second series of compatibility and resistivity tests were conducted on materials
of the rayon, dacron, polypropylene, and combinations thereof to select a third
separator material. As a result of this study Rayon Polypropylene Carded E4208
and Dacron E1486 were selected. A final comparison of these performance char-
acteristics was accomplished in the cells tested in Experiment #5.
2.2.1.1 Testing Procedure
The materials selected for the compatibility scan were cut into 1" x 2" strips.
Each strip was carefully weighed and measured and its general appearance noted.
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The strips were then placed into a compatibility fixture and charged with 30 cc
of electrolyte. One fixture was charged with electrolyte only, to serve as
control, and placed under test along with the separator samples. During the
100 hours at +50 °C test any changes in physical appearance of the samples and
electrolyte were noted at 24-hour intervals. At the conclusion of the test cycle,
the containers -were removed from the environment and allowed to cool. The
samples -were rinsed in pure MF until clean (determined by a conductivity meas-
urement of the MF rinse) and dried under vacuum for 15 hours. The samples
were then checked for changes in weight, size, and physical characteristics
from the original values taken. A summary of compatibility data is shown on
Tables 1 and 2.
2.2.2 Separator Resistance
Each of the separator materials were tested to determine its electrical resistance
in three-molar LiAsF6/MF at +30 °C. Resistivity of the separator materials was
determined in multiple as well as single layers. Saturation effects were deter-
mined and were found to have had a greater influence on the resistivity of multiple
layers where the values reduced significantly from the initial readings over a
period of time. This effect was controlled by allowing a five-minute interval
from initial immersion to the first reading. Additional measurements were
taken on samples that were exposed to electrolyte for 100 hours. The values
obtained from these samples appeared not to have changed to any major degree
from the initial readings taken prior to exposure. See Figure 1, page 12 for
the first series results and Table 3.
2 .2 .2 .1 Resistivity Test Fixture
The fixture used for the resistivity measurements consisted of two glass elbows,
platinum electrodes, and a frame as shown in Figure 2, page 15. To determine
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resistivity of the materials, three-molar electrolyte was added to the unit and
the resistance measured; then the separator material retained in a rigid frame
was added and another measurement taken. The difference in readings indicated
the resistivity of the material being evaluated.
2 . 2 . 2 . 2 Conductivity of Electrolyte
Additional data referencing the molarity of the electrolyte is given in Figure 3.
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3. 0 Cell Technology
This section of the report discusses the work presently being conducted as part
of Task 2.
3. 1 Test Chamber Design
As part of the Task 2 responsibility it was necessary to design and manufacture
20 test chambers for use in experimentation. The required test chamber was
designed for maximum flexibility in the test program. Through the use of re-
ducing frames it would allow for the three sizes of cells to be tested using the
same basic outer structure. Included in the design were pressure and temper-
ature monitoring ports as well as a pressure relief valve for safety purposes.
The chamber and its component parts are illustrated in Figures 4 and 5.
The chamber is constructed of high density polyethylene material backed by
aluminum plates, which provide additional rigidity and structural strength.
The chamber compartment is sealed by an "O" ring to prevent the escape of
pressure and electrolyte. The chamber is designed to allow testing up to 100
psig.
Temperature is monitored by a copper/constantan thermocouple positioned in
a blind hole at one of the wall surfaces of the chamber. Pressure is recorded
through the use of a suitable transducer connected to one of the monitoring ports
in the top of the unit. Voltage monitoring is achieved through the two terminals
positioned on either side of the main cell compartment.
3. 2 Experimental Program
During this portion of the experimental program, 13 experiments consisting of
approximately 200 cells have been designed, tested, and analyzed. The bulk
Page #19
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of these experiments have been used to determine regions of optimum cell per-
formance as a function of cell design and operational variables. Some of the
experiments were conducted for specific points of information at varied points
of the program and do not directly relate to the overall statistical strategy
previously discussed.
The initial 15 experimental factors selected for investigation were: operating
temperature, discharge rate, separator material, separator thickness, electro-
lyte concentration, electrolyte volume, electrode area, collector screen geometry,
number of electrodes/cell, anode thickness, cathode thickness, cathode water
content, cathode conductor material, cathode conductor content, and cathode
binder content.
Initial experiments conducted were fractional factorials, which estimate the
first-order effects of the 15 factors, provide the basis for later path of steepest
ascent experiments, and then eventually lead to a maximum design point in a
selected subregion. Other experiments provide direct comparison to evaluate
new materials or cell construction techniques.
Data generated by the fractional factorial experiments were analyzed by the
Yates method and the NASA's Rapier computer program. From the data gen-
erated thus far one area of optimum operation has been defined and its sensitivity
in terms of performance to discharge rate has been investigated. Currently em-
phasis has been placed on developing a maximum design point somewhat displaced
from the "floating" optimum in terms of temperature and discharge rate. The
point determined thus far is located in the low discharge (9 ma/cm2) and high
temperature (+40°C) region, whereas the current effort is concerned with the
higher discharge (38 ma/cm2) and moderate temperature (-1-10 °C) region. This
area is discussed in detail in paragraph 3.2.2.2.
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3.2 .1 Cell Fabrication
Fabrication of individual components used in each experiment is performed in
a dry room with the relative humidity controlled and maintained at less than
three percent. Additional precautions taken to insure consistent ambient con-
ditions and limited contamination include -working within an argon-filled glove
box, purged on a regular basis, which maintains the H2O level at less than 0. 5
mg of H2O/liter of gas. This glove box is used in the preparation of the cathodes.
Cathode and anode molds were initially fabricated to cover the three sizes of
cell and the various thicknesses needed.
The negative electrodes are prepared by placing the proper weight of lithium
sheet and expanded metal into the mold and pressing with sufficient pressure
(1000 psi) to insure an adequate meshing of the material and screen. The
finished components are stored in a vacuum until fabricated into the cells.
The positive plates are constructed by the pasting of a CuF2, CuF2 '2H2O, carbon,
styrene, xylene mixture to silver grids. The amount of binder content, conductor
material, and water is dependent on the experimental design. The pasting process
is done within an argon-filled glove box. The amount of water vapor in the box is
minimized by a recirculating drying train, and the atmosphere is analyzed period-
ically by GC for water vapor.
3 .2 .2 Testing Program
Once the necessary controls and procedures had been implemented and verified
through trial cell tests, Task 2 was initiated with the testing of Experiment #1.
Each succeeding experiment was based on the result of preceding tests, with
possible exceptions where new materials or construction techniques were being
tested. All cells were discharged through a fixed resistor. The current densi-
ties were calculated using a nominal 3.0-volt cell voltage.
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3 .2 .2 .1 Experiments #1, #2, and #3
Experiment #1 was a fractional factorial experiment having 15 independent vari-
ables. There were 16 different cells, four of which -were replicated for the purpose
of establishing experimental error. The factor levels for this experiment are listed
below.
Factor Levels for
Experiments #1 and #2 Low Level High Level
A Discharge Temperature
B .Discharge Rate
C Separator Material
D Separator Thickness
E Electrolyte Concentration
F Electrolyte Volume
G Electrode Size
H Screen Geometry
J No. of Electrodes
K Anode Capacity
L Cathode Thickness
M Cathode H2O Content
N Cathode Conductor Material
O Cathode Conductor Content
P Cathode Binder Content
+10°C
20 ma/cm2
Reeve Angel Glass
.015"
2.0 Molar
100% Full
2" x 3"
Standard Exmet 5Ag 14-1/0
3
110% of Cathode
. 040" Nominal
4%
Conductex
5%
1%
+30°C
30 ma/cm
Pellon FT2140
.040"
3. 0 Molar
110% FuU
2-3 /4"x 4"
Standard Distex 5Ag 14-1/0
5
125% of Cathode
.080" Nominal
8%
Asbury
10%
2%
The fundamental identity for developing the defining contrast is as follows:
I = ABE = ACF = ADG = BCH = BDJ = CDK = ABCL = ABDM = ACDN = BCDO =
ABCDP
The complete identity is achieved by multiplying each term by every other term.
In Experiment #1 the principal block of factor combinations was used. In Experi-
ment #2 another block of factor combinations was employed. References on the
statistical methodology can be found in Design and Analysis of Industrial Experi-
ments, Owen L. Davies, ed. , Hafner Publishing Company, New York, Second
Edition, I960.
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The data which resulted from this experiment was analyzed by the NASA Rapier
program and by the Yates analysis method. A ranking of responses according
to absolute value is given in Table 4.
The analysis of Experiments #1 and #2 involved comparison of the mean-effect
data resulting from responses calculated on the basis of ampere-hours/lb of
CuF2 (yz), watt-hours/lb (y4), and watt -hours /cm3 (ye). These mean-effect data
represent coefficients of a regression equation that approximate the area of the
response function investigated. The analysis of the data determined for each
factor the level which had the greatest positive effect on battery performance.
This then implied, for quantitative factors, a direction in which to change the
value of that factor. The following lists the indications provided by the analyses:
Factor Indication
A Discharge Temperature
B Discharge Rate
C Separator Material
D Separator Thickness
E Electrolyte Concentration
F Electrolyte Volume
G Electrode Size
H Screen Geometry
J No. of Electrodes
K Anode Capacity
L Cathode Thickness
M Cathode H2O Content
N Cathode Conductor Material
O Cathode Conductor Content
P Cathode Binder Content
Increase above +20 °C
Decrease below 20 ma/cm2
Glass preferred over Pellon
Decrease below .0275"
Decrease below 2. 5 molar
Insignificant for range investigated
2-3/4" x 4" preferred over 2" x 3"
Distex preferred over Exmet
Increase to 5 or more
Increase to greater than 110%
Increase to above .060"
Increase to above 6%
Asbury Ceylon preferred over Conductex SC
Increase above 7.5%
Increase above 1.5%
It can be noted that not all the above indications carried the same weight. Some
of the factors, such as A, B, C, D, and E, -were very strong, whereas some of
the others were relatively weak. The relative strength of each indication can be
best judged by comparison of the mean-effect data listed on Table 4.
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The discharge data for Experiments #1 and #2 are listed on Tables 5 and 6, and
representative discharge curves are given in Figures 6 and 7. It is difficult to
make direct comparison between specific cells within an experiment on the basis
of one factor or another, since each cell is different according to statistical design.
The comparison can only be effected when all the factors are considered together,
as is done in the Yates or computer analysis. For this reason only representative
curves have been provided.
In the design of Experiment #3, the indications provided for in previous experi-
mentation and their relative strength were used to establish the new factor levels.
This information was also used to establish those which were not highly significant,
which in turn could be held constant in the next experiment. The factor levels for
Experiment #3 decided upon -were as follows:
Factor Levels
A
B
C
D
E
F
G
H
J
K
L
M
N
O
P
Discharge Temperature
Discharge Rate
Separator Material
Separator Thickness
Electrolyte Concentration
Electrolyte Volume
Electrode Size
Screen Geometry
No. of Electrodes
Anode Capacity
Cathode Thickness
Cathode H2O Content
Cathode Conductor Material
Cathode Conductor Content
Cathode Binder Content
+20°C and +40 °C
10 ma/cm2 and 20 ma/cm2
Glass and Pellon
0.015" and 0.030"
1. 7 molar and 2. 7 molar
10% excess (for all cells)
2-3/4" x 4" (for all cells)
Exmet and Distex
3 (for all cells)
125% (for all cells)
0.040" and 0.100"
2% and 6%
Conductex and Asbury
7% and 12%
1% and 2%
The results of Experiment #3 show that some improvement had been achieved
in terms of the yield values. Ampere-hours/lb of CuF2 values approached the
200 level, which represented 80% to 85% of cathode efficiency. This provided
the general indication that the factor changes made for this experiment were
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Exp, 1, T
86 °F f+30'C)
3/9/7Q
20 ma/cm2 at 3.0 v
Minimum Volts
Pressure
Cell F-27
Exp. 1, Test 13
50°F (+10«C)
12/8/69
30 ma/cm2 at 3.0 v
Minimum Volts
form nn-wo
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135
125
115
105
85
75
65
55
4.0L
3.0
J 2.0
o
1.0
Cell F-6Z
Exp. 2, Test 1
86"F (f30*C)
1/22/70
20 ma/cm2 at i
Voltage
Minimum Volts
Temperature
Preasmre
20 60 ~50~~ 100
Minutes
120 140 160
,
Cell F-64
Exp. 2, Test 9
50 *F (flO'C)
1/23/70
20 ma /cm at 3.0 v
80
70
60
50' .3
40l''«
. !s * **3|p ;g
20
10
30
Voltage
•" i-
Minimum Volts
0 20 40 60 80 100 120 140 160
Minutes
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creating a positive effect. The mean-effect data shown on Table 7 indicates that
the four most significant factors affecting cathode efficiency were temperature,
discharge rate, separator material, and percent cathode H2O. For the other two
yield values the relative ranking changed, indicating that other factors took on
greater significance. This is best described in Table 7, which lists all the mean-
effect data for this experiment. Discharge data is shown on Table 8 and represent-
ative curves on Figure 8.
3 .2 .2 .2 Steepest Ascent Vectors
From the background provided in the first three experiments, which located the
general area of the optimum subregion, it was now possible to investigate several
vectors of steepest ascent. This was done in Experiments #4 and #6.
In Experiment #4, temperature, discharge rate, and electrolyte concentration
were the variable factors. The remaining factors were held constant. The range
of variations and the levels of all the factors are described in Table 9.
The resulting data generated in this experiment reflect no true maximum; however,
there were some areas of improvement in yield values. Figure 9 plots the response
values against test combinations. Discharge data and selected curves are given on
Table 10 and Figure 10.
A second steepest ascent vector was investigated in Experiment #6. However, in
this experiment six factors were varied--temperature, discharge rate, electrolyte
concentration, separator thickness, cathode water, and cathode conductor content.
The ranges of these and the levels of the remaining factors held constant are given
in Table 11.
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TABLE 7
Experiment #3 Mean-Effect Levels - Yates Method
•
2 = Amp Hrs/Lb of CuF2
"i< ' to 2.0 viV
:Factor Mean-Effect
yt = Watt Hrs/Lb to 2.0 v
Factor iMean-Effect
y& = Watt HrsACna1 to 2.'i,y
Factor Mean-Effect x IOC
76
-31.76
-29.26
*20. 51
rI9,
tjU.62
+11.88
- 9.63
- 9. 49
i- 7. 13
- 4.51
• 9- 3. 62
-,3.37
+ 2.99
'|r2.38
+ 0.76
L,
B
C
AC
A .
BD
M
P
O
AD
:-;N
0
E
H
CD
t42.38
-26. 73,
-19.23"
+15.13
t;\7, 38
+ 5.99
+ 5. 44
- 5.26
- 3,94
,64
.76
78
.68
- 1.33
+ 0. 59
L
B
C
AC
D
A
M
AD
P
BD
O
CD
H
£
N
'+19. 15
-16- 65^
-K.'«
- 9. 9^
- 8. 88
- G, 63
- 4. 73
- 3,73
-» 3. 60
r 3. 10J
4' 3. 00;[
+ 0.25'
.
TABLE 8
Experiment #3 - Discharge Data and Responses
m
. Cell Ko. Temp.
Discharge Rate
at 3.0 v
Max.
ccv
Average Volts
to 2.0 v
Yz
Amp Hrs/Lb
CuF2 to 2,0 v
T4
Watt Hrs/IA
to 2. 0 v
ye
Watt Hrs/Cm3
to 2.0 v
F-82
F-95
F-85
F-79
F-80
F-90
F-87
F-98
F-93
F-89
F-96
F-91
F-81
F-92
F-84
F-97
F-94
F-86
F-88
+20 "C
+40 °C
+20°C
+40 °C
+20 °C
+40 °C
+20 °C
+40"C
+20<>C
+40 °C
+20 °C
+40 °C
+20 °C
+40 °C
+40 °C
+40
+20 °
10 ma/cm2
10 mi/cnn2
20 ma/cm2
20 ma/cm2
10 ma/cm2
10 ma/cm2
20 ma/cm2
20 ma/cm2
10 ma/cm2
10 ma/cm2
20 ma/cm2
20 ma/cm2
10 ma/cm2
10 mat/cm2
20 ma/cm2
20 ma/cm2
10 ma/cm2
20 ma/cm2
10 ma/cm2
20 ma/cm2
,08
08
,03
06
.97
,97
2.72
64
14
09
48
00
78
00
68
63'
15
60
13
2.77
2,79
54
.71
.70
.76
.40
,47
.91
,76
.30
.88
.61
,72
.29
.46
.91
.41
.89
2.42 2.26
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Cell F-93
Exp. 3, Test 0
+68 9F
10 ma /cm2 at 3.0 v
Minimum Volts
Temperature
Pres svre
150 180
Cell F -94
Exp* 3, Test 1
104 *-F (+40*C)
2/25/70
at
Temperature
Minimum Volts
120 180 240 300 360 420 480 540
Minute s
FIGURE 8
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Experiment #4 - Response Levels of Cells
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There -were five test combinations of factors in Experiment #6, and three cells
at each point -were run. Increases in yield in terms of watt-hour s/lb, watt -hours/
cm3, and ampere-hours/lb of CuF2 were obtained through each successive com-
bination up to the fourth set. The No. 5 combination produced a reduction in yield
from the No. 4 position. A chart of the yields versus test factors is given in Figure
11 and the discharge data on Table 12. Discharge curves for these tests are shown
in Figures 12 to 19.
The results obtained in terms of yield values are the largest obtained for three-
plate cells to the present time, and they represent either a maximum or a plateau
in the yield surface.
It was decided at this time to consider the combination at the No. 4 point in Experi-
ment #6 as a maximum design point for the higher temperature, low discharge rate,
subregion. In Experiments #7, #8, #9 and #13 additional data were generated that
•would reflect some of the sensitivities of this maximum design point to several
specific factors. This was done to provide a more detailed map of the particular
subregion of the response surface which we are investigating. The cell character
grid for these four experiments is shown on Table 13, the discharge data on Table
14, and the discharge curves on Figures 20 through 24.
Experiment #7 was tested to determine whether copper could be substituted in
place of the silver used as a cathode grid, since copper has distinct advantages
in cost and weight. Resultant yield values were slightly lower for the cells using
the copper; however, the difference from the cells using the silver grid was not
significant enough to disqualify its use if material became of primary importance.
Experiment #8 was a two-part experiment to determine sensitivity of the maxi-
mum design point to the number of plates in the cell. Yield values (in terms of
watt-hours /lb and watt-hours/cm3) should increase as the number of plates are
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Experiment #6 - Response Level of Cells
Test Nos.
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Cell F-133
Exp. 6, Test la
+77"F (-f-Z5°C)
3/30/70
15 ma/cm2 at 3. 0 v -
160
Minute s
240
60
320
155
145
135
g 125
5115
4!
e 105
P*
t"4 95
85
75
4.0t
3.0
2.0
1.0
Cell F-134
Exp. 6, Test lb
4-77°F (+25°C)
3/30/70
15 ma/cm2 at 3. 0 v
Voltage
Minimum Volts
Temperature
80 160
Minutes
I
240 320
FORK! fH-lOO
RE 12
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145
l 35
J» 11.5
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2.0
1.0
Cell F-135
Exp, 6, Test It,
f?7°F ( f 2 5 * C )
3/30/70
15 ma/cm2 at l - .O v J[40
1160
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Pr e s sur e -*"**^
Temperature „„„
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-100
160 240
IP'^
91
;.fci|;"g
' ^  ^
illl i
2i::i,
3ZO
155
145
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••125
"S 115
95
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a
^3O
4.01
3.0-
1.0.
F-136
Exp. 6f Test 2a
•f86 °F f 4-30 °C I
3/31/70
13 ma /cm2 at 3. 0 v "
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Pressure
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*
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0 80 160
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240 320
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e
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FIGURE 13
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1 •* ma/cm* at I. 0
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.*•* **"
240 3ZQ 400
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1-55
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fe 135
« 125M
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Cett F-1^8
Ex p. 6, Test 2c
+86°F (t309C)
3/31/70
13 ma/cmz at 3. 0 %•
JI60
4o
££
80 160 240
Minutes
320 400
H|GURE 14 •
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Cell F-l »0
160 240
Minute s
Cell. F-141
Exp. 6, Test 3c
+95"F ( f ? 5 ° C »
4/1/70
11 ma /cmz at ^. 0
Minimum Volts ^"
240
Minute s
IGURE 15
_
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* 104°F i f40°
4/2/70
Cell
Exp. 6, Test 4b
«40
4/2/70
FORK WI-IOO
FIGURE 16
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Cell F-144;
Exp. 6, Test 4c
4 /2 /70
9 ma/cm2 at 3. 0 v
FOIW'fM-lOO
FIGURE
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Cell F-150
Exp. 6, Test 3a
+95 °F ( f35"C)
4/6/70
11 ma/cm2 at 3. 0
Voltage
Pressure
Temperature
120 .:
Qf
|^|0-
go :\
: 60 j
^4It'
20
480
95
85
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Minimum Volts
^ ^Temperature
CeU F-151
Exp. 6, Test 5a
+ 113 °F < f 4 5 ° C )
4/7/70
7 ma/cm2 at 3.0 v
S .
0 200 400
Minutes
Ttr
160
140
100
80
60
40
20
W
P
0 800
Pressure relief valve opened.
FO*WI FM-IOO
FIGURE 18
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Exp. 6, Test 5b
+U3*F
4/3/70
7 ma/cm2 at 3.0
—\rTemperature >.
600
CeE F-147
Expj, 6, Test 5c
-f-H3°F (f45°C)
4/3/70
7 ma/cm at 3.0 v
/ Temperature
* Pressure relief valve opened.
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TABLE 13
Factor Levels for Experiments #7, #8, and #9
Experiment #7 - Use of Copper Screens in Cathodes (5Cu 14-1/0)
Cell#F-l62, #F-163, and#F- l64
Experiment #8 - Multi-Plate C< Us
Cell #F-165
Cell #F-166 - 5 Plates
Experiment #9 - 2" x 3" Plates
Cell#F-l69, #F-170, and #F-171
Discharge Temperature
Discharge Rate
Separator Material
Separator Thickness
Electrolyte Concentration
Electrolyte Volume
Electrode Size
Screen Geometry
No. of Electrodes
Anode Capacity
Cathode Thickness
Cathode H2O Content
Cathode Conductor Material
Cathode Conductor Content
Cathode Binder Content
Cell #F-167
Cell #F-168 - 7 Plates
-140 °C
9 ma/cm2
Glass
.023"
2. 1 M
110% Full
2-3/4" x 4" (Varied in Exp. #9)
5Ag 14-1/0 (Varied in Exp. #7)
3 (Varied in Exp. #8)
150% of Cathode
.080"
4%
Asbury
7%
2%
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4/23/70
9 ma/cm2 at 3.0 v
Minimum
Temperature
120 240 <360 480
Minutes I
Cell F-163
Exp. 7, Test 2
Minimum Volt*
T emperatjyrfc
240 360
Minutes
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155 L
0
 135
| US
&« 1159
a.
g 105
frC'
85
75
4.0i_
1.0
Cell F-164
Exp;: 7, Test 3
+104°F (^40°C)
4/23/70
9 ma/cm2 at 3.0 v
Voltage.
.j,,- .-,,1,, I I I 1
120 240 360
Minutes
480 600
155 I-
Cell F-165
Exp. 8, Test 1
+104*F (+40°C)
4/24/70
9 ma/cm2 at 3.0
Tempe rature
Pressure
0 80 160 240 320 400 480 50 640
FORM FM-1OO
FIGURE 21
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155
145 -
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Cell F-166
Exp. 8, Test 2
+ 104°F t-f40°C)
4/24/70
9 ma/cm2 at 3.0:
Voltage
320
Minute s
480 600
155
Cell F-167
Exp. 8, Test 3
+104T {+40°C)
4/28/70
9 rna/cm,2 at 3. ® v
160 320
Minutes
480 600
FORM
FIGUp.E 22
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155
145
135
7'S:
4. ft
3.0
»
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Cell F-168
Exp. 8,. Test. 4.
4-104°F (+40 *C)
4/28/70
9 rna/cm" at 3,0 v
Voltage
Minimum Volti?
Temperature
160 320
Minutes
155 L
480
Cell F-169
Exp. 9, Test. I
Voltage
4/29/70
9 ma/cm2 at 3.0 v
600
160
140
120
100 A
80 |j
160 320
Minute s
480 600
FORM FM-100
FIGURE 23
Page #56
Cell F-170
Exp. 9, Test 2
+ 104°F ff40°C)
4/29/70
9 ma/cm2 at 3.0
Minimum Volts
Temperature
320
Minutes
Cell F-171
Exp. 9, Test 3
-H04°F (+40°C)
4/29/70
9 ma/cm2 at 3.0 \
Minimum Volts
Temperature
320
Minutes
FOW« FM-IOO
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increased, since the ratio of capacity-to-total weight and total weight and total
cell volume are not constant. Two 5-plate cells and two 7-plate cells were run
in this experiment. Increases in yield were obtained for each increase in the
number of plates. The maximum watt-hour/lb value obtained to the 2. 0-volt
level was 180 for seven-plate cells. The data indicated that an approximate
increase in watt-hours/lb and watt-hours/cm3 of 15% is obtained for each addi-
tional cathode in the cell up to seven plates.
So far this increase in yield had held true up to seven-plate cells (three cathodes).
There is no re,-son not to expect tl • s advantage to continue for cells containing
numbers of plates greater than we have tested, for the weight and volume advan-
tage is continued with each successive cathode. However, there should be a point
where other influences (primarily mechanical) such as activation, heat, etc. , -will
begin to reduce and eventually eliminate this advantage. This being the case, an
optimum in terms of the number of plates should exist. At this point it can be
stated only that this optimum is at a number greater than seven.
Experiment #9 was conducted to determine if yields obtained at the fourth com-
bination level in Experiment #6 would be valid for a cell with smaller effective
areas. Three 6-square-inch cells (2" x 3") instead of the 11-square-inch cells
(2-3/4" x 4") were discharged. Yield values were at the same level for ampere-
hours/lb of CuF2 and watt -hours /cm3; however, the watt-hour /lb values were
reduced. The watt -hour /lb yield value is largely dependent on the amount of
electrolyte used, which makes up the major portion of the cell weight. There
is a certain amount of void-volume within the chamber that increases the amount
of electrolyte a cell can contain. As the cell size decreases, the void area be-
comes a larger percentage of the total volume, thus having the effect of decreasing
the watt-hour /lb values for smaller cells. Correction factors were employed
based on the amount of void; however, values still remained somewhat lower
than for the larger cells, indicating there may be a loss in yield in terms of
watt -hour s/lb as cell size is decreased.
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In Experiment #13 the sensitivity of the maximum design point to the level of
discharge rate was investigated. The cells used had the same construction as
Experiment #6, position 4 and were discharged at +40 °C. Six cells were dis-
charged, two each at 10, 20, and 30 ma/cm2. Figure 25 plots the cathode
efficiency against discharge rate and indicates the losses incurred as the latter
is increased. Discharge data for this experiment is listed on Table 15 and
discharge curves on Figures 26 through 28.
3 .2 .2 .3 Lower Temperature Investigation
The experiments described thus far are the extent of the investigation into the
low discharge, high temperature subregion. Also of interest is the cell's per-
formance in the low and moderate temperature range and higher discharges rates,
Investigation into this area was undertaken with Experiment #11 and is currently
continuing. There is a distinct possibility from the data generated thus far that
the maximum design may differ in terms of cell construction from that obtained
from the region previously discussed. It remains to be determined if a com-
promise blend of factors comprising each design point can be found without losing
optimum performance in each area.
Experiment #11 has investigated a set of variables similar to those treated in
Experiment #6, with the exception that operational variables (temperature and
discharge rate) have been held constant at +15°C and 30 ma/cm2, respectively.
The factors varied were separator thickness, electrolyte concentration, cathode
thickness, and percent cathode H2O. Each combination of variables has been
tested in triplicate. The experimental format is given in Table 16 and the
discharge data on Table 17. Representative curves are shown on Figure 29.
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Exp. 13, Test
+40"C
5/21/70
10 ma/em2 at 3.
Temperature
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Cell F- 189
Exp. 13, Test Ib J
+40° C (104*F)
5/21/70
10 ma/cm2 at 3. 0 v
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0 50 100 150 200 250 300 350 400 450
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IU FM-fOO
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TABLE 16
Experiment #11 - Cell Construction Characteristics
Cell No.
F-172
F-173
F-174
F-175
F-176
F-177
F-178
F-179
F-180
F-181
F-182
F-183
Test No.
la
Ib
Ic
2a
2b
2c
3a
3b
3c
4a
4b
4c
Separator
Thickness
D
.023"
. 023"
.023"
.022"
.022"
.022"
.021"
.021"
.021"
.020"
.020"
.020"
Electrolyte
Concentration
E
2.1
2.1
2.1
2.2
2.2
2.2
2.3
2.3
2.3
2.4
2.4
2.4
Cathode
Thickness
L
. 100"
. 100"
. 100"
.080"
.080"
.080"
.060"
.060"
.060"
.040"
.040"
.040"
% Cathode
H2O
M
5
5
5
6
6
6
7
7
7
8
8
8
The following characteristics are constant for all cells:
A Discharge Temperature
B Discharge Rate
C Separator Material
F Electrolyte Volume
G Electrode Size
H Screen Geometry
J No. of Electrodes
K Anode Capacity
N Cathode Conductor Material
O Cathode Conductor Content
P Cathode Binder Content
+15°C
30 ma/cm2
Glass
110% Full
2 -3 /4"x 4"
5Ag 14-1/0
3
125% of cathode
Asbury
8%
2%
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The performance of the cells in this experiment have been generally poorer than
that obtained in previous experiments, with the exception of some earlier low
temperature, high discharge rate cells run in Experiment #1, and #2. The data
has indicated increases in yield for each successive group of test factors, maxi-
mizing at the No. 4 group for ampere-hours/lb of CuF2 and the No. 3 group for
watt -hour s/lb and watt-hours/cm3. The range of the yields for duplicate cells
at each point was quite wide and reflects basic instability in the range of values
that were treated.
Experiment #11 has demonstrated that the maximum design point obtained in
Experiment .#6 is not applicable in the low temperature, high discharge sub-
region and is quite sensitive to significant change in operational variables.
Since construction variables were not changed from the Experiment #6, step
4 position, the degradation in performance can be attributed to the changes in
temperature and discharge rate. Thus, this experiment supports the previous
mentioned possibility of optimum subregions in the response surface quite apart
from one another depending on the position of the temperature axis being in-
vestigated.
Experiment #12, which will continue investigation into the low temperature, high
discharge subregion, has been designed and at the time of this writing is in the
process of being fabricated and tested. The format of this experiment returns
to the initial stages of the statistical procedure where the selected subregion is
investigated in terms of construction variables by fractional replicate of 2
factorial experiments.
The plan is to run Experiment #12 in two parts. Part A is a one-half fractional
factorial experiment of 16 cells that will vary five factors at two levels, rep-
resented in the L and H columns of the table be low. In addition, this experiment
will have six cells having a center point combination of factors, which will aid
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in the estimation of experimental error and confidence levels in the results
obtained. All the 16 L and H cells will be tested in duplicate. Part B of the
. - +
experiment will test 10 star points [factors represented by (S and S ) in the
following table] and an additional four cells at the center point. These star
point tests will be run in duplicate.
Levels
(S") L C. Pt. H (S+)
Separator Thickness .015 .020 .025 .030 .035
Electrolyte Concentration 1 .8M 2.1M 2 . 4 M 2 . 7 M 3 . 0 M
Cathode Thickness .025 .035 .045 .055 .065
Cathode H2O Content 2% 4% 6% 8% 10%
Cathode Conductor Content 5% 7% 9% 11% 13%
3.2.2.4 Other Experiments
Experiment #5 was tested to provide an evaluation, in terms of cell performance^
of two separator materials that were selected on the basis of the second series of
compatibility tests previously discussed.
The results of the experiment were not appreciably improved as compared to
previous tests, but the test supplied sufficient data to select the best of the two
materials. The Yates analysis of mean-effect response indicated separator
material as a significant factor, with the rayon polypropylene being preferred.
Separator thickness and temperature were not significant influences for this
experiment, but discharge rate, although not as prominent as the material,
did indicate a preference for the lower level. The construction details for this
experiment are shown on Table 18, the discharge data on Table 19, and the
mean-effect data oh Table 20.
Of particular interest in this experiment was the unusually high significance of
one of the interactions, the ab/cd combination. In the structure of the experiment
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the substitution of factor d for treatment combination abc has the effect of also
confounding the ab (discharge rate - temperature) interaction -with the cd (sep-
arator material - separator thickness) interaction. The cause of the high mean-
effect may be due to one or both of the interactions involved.
To illustrate the interaction of the factors involved, the following charts were
prepared:
Interaction ab
Temperature
+31°C +43 °C
Discharge Rate: 13 ma/cm2 157.0 95.9
19 ma/cm2 87.1 134.0
The numbers listed are the averages of the two ampere-hour s/lb of CuF2 responses
for the factor levels indicated. Reference to this treatment of interactions can be
found in the Design and Analysis of Industrial Experiments, by Da vies, on page
255 and the example given on page 456.
In the above chart, the indication is that temperature discharge rates do interact,
and that the performance is best when the factors are either both at the high level
or both at the low level.
The other factor interaction of the confounded pair is the cd combination.
Interaction cd
Separator Material
Dacron Rayon Polypropylene
Separator Thickness: . .005" 125.0 116.0
.010" 67.1 166.0
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The above chart indicates that at the .005" thickness there is little distinction
between the two materials as to their effect on performance; however, at the
. 010" thickness there is a definite advantage with the rayon polypropylene
material.
Both of the interactions indicated by the charts are logical in their occurrence,
and the total value of the mean-effect is considered to be the result of both.
Experiment #5 provided a second separator material in addition to the glass
fiber matte for possible inclusion in future experimental work. It also pro-
vided some interesting interaction data that were specific to the materials
tested. However, in their existence they emphasized that future experimental
design should provide for estimation of their significance. The influence of
this is reflected in the design of some of the later experiments.
Experiment #10 was a short, preliminary study of the effect of a dual separator
system (different materials in one cell) on cell performance. The cells involved
were identical in construction, with the exception that one used all glass sep-
arators and the other used a combination of glass and rayon polypropylene. The
yields obtained from both types of cells were essentially equivalent, which is
significant because it implies that inherent advantages of the rayon polypro-
pylene can be used without deterring cell performance. These advantages
include heat scalability (important perhaps in the construction of larger number
of cells) and also minimum thickness, which reduces electrolyte requirements
and heightens the possibility of high discharge capability. More study, however,
is necessary before firm conclusions can be generated. Figure 30 reflects the
discharge curves of these cells.
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3.3 Analysis of Cell Discharge Gases
One of the additional responsibilities of Task 2 is the measurement of the rate
at which heat and pressure generate during cell discharge. These measure-
ments are reflected on many of the discharge curves that are included in this
report. It is also required that the composition of the gases responsible for
the pressure buildup be determined.
The composition of the gases and vapors was determined through the use of
gas chromatography. Sampling of the gases was done when discharge voltage
reached its minimum limit (1.9 volts).
To gain as complete a composition spectrum as possible it was necessary to
use two different columns in the GC. A 5A molecular sieve unit established
hydrogen, O2-Ar, nitrogen, methane, and carbon monoxide. A chromosorb
102 unit provided estimation on the quantity of air, CO2, H2O, methane, and
methyl formate. Table 21 shows the typical values for some of the gases
present in cells tested.
It should be noted that the data shown in Table 21 does not reflect the large
amounts of CO that were being detected before our sampling procedure -was
standardized to the point where the discharge voltage reaches the minimum
level. The initial cells analyzed primarily for equipment procedures had
been standing in the activated, open circuit condition for several hours after
discharge, and there indicated large amounts of CO. The implication is that
the presence of CO is related to these conditions just described. "
•X-
-X-
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APPENDIX "A"
Electrolyte Preparation Procedures
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ELECTROLYTE PREPARATION
PROCEDURE - LEL 8015-1
The following procedure is to be used in preparing the LiAsF6/MF electrolyte
necessary for the three tasks outlined in NASA Contract .No. NAS 3-13221.
8015-1A
Distillation of MF:
Step 1 - Bottles of stock MF required are removed from storage locker, event
logged on MF Control Log (F-l). These bottles wear a blue label. The
bottle numbers are logged in the proper column on MF Distillation Log
(F-5). If a batch of previously distilled, but rejected, MF is used, the
"date used" and "used for" columns are filled in the stock "bottle number"
column for the new batch being run.
Step 2 - Preparation of Distillation Apparatus
A standard distillation apparatus is employed.
Place the whole distillation system, including molecular sieve, under a
hard vacuum for a minimum of 24 hours.
Air is replaced slowly through a drying tube containing a 4A sieve.
Step 3 - Distillation Process
Remove stopper on top of 4A sieve column and install a 500 cc separatory
funnel.
Introduce 400 cc of stock MF into the separatory funnel and adjust the
flow rate to 60 cc/min. Continue adding the MF until 1800 cc have been
collected in the distilling flask.
Remove 640 mm column and replace with funnel.
Quickly add the stirring bar and 1.4 grams of Li powder. Seal system
with the glass stopper and stir rapidly for one hour.
Heat solution to a boil (+31. 5°C) and distill at a flow rate of 6. 0 to 7. 0
ml/min. Collect distillate in argon-filled bottles vented to air through
a drying tube packed with 4A sieve.
Discard the first and last 400 cc.
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Step 4 - The distilled MF is checked by Karl Fischer analysis for water content
according to Procedure 8015-2, and then a GC is run to determine the
amounts of MeOH, H2O, formic acid, and other impurities greater than
200 ppm. The figures obtained will be recorded on the MF Distillation
Log (F-5). Refer to the Handbook of Control Procedures for proper
labeling and storage.
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8015-1B
Re crystallization of KAsF&;
The salt is purified from its raw stock condition by recrystallization from water.
Step 1 - Dissolve 720 grams of KAsF& in 2000 ml of distilled -water and heat to
+60 °C in a 3000 ml beaker.
Step 2 - Filter the solution through an 11 cm Buchner porcelain funnel using
Whatman #42 filter paper into a two-liter vacuum flask. Transfer the
filtrate into a 3000 ml beaker.
Step 3 - The filtrate is heated to +100 °C and evaporated to two-thirds of its
original volume.
Step 4 - The solution is then allowed to recrystallize at room temperature or
(+28 °C) for a minimum of 12 hours. The crystals are then separated
from the solution via suction filtration through an 11 cm Buchner funnel
using Whatman #42 filter paper.
Step 5 - Place the crystals in evaporating dishes (a large as possible bed area
is preferred) and apply a soft vacuum. (Cast air/vacuum pump) for one
hour. Place the evaporating dish in a desiccator over concentrated
H2SO4 and apply a vacuum >29" mercury for 48 hours.
Step 6 - At the end of Step 5, a small sample of the large lot is placed in a
drying bottle to a depth equivalent to that of the larger sample's bed
depth. This sample gets the same drying treatment as the larger and
is used for constant weight determination. At this point the salt and
small sample are dried in a vacuum oven at +110°C for 48 hours. At
the end of this period the small sample is -weighed and a water deter-
mination made on the large sample. If the water level is not below
300 ppm, the salt is returned to the oven for another 24 hours at the
end of which a new weight and water analysis is taken. This is con-
tinued until the -water level is satisfactory.
Step 7 - To determine H2O content in the salt, dissolve a one-gram sample into
10 ml of distilled MF. Titrate one-cc samples of this by Karl Fischer.
By knowing the initial water level of the MF and the water level after the
salt is dissolved, the water in the salt can be calculated.
All necessary information is recorded on KAsFe Processing Log (F-7).
When the salt has an acceptable water level, it is packaged in Mason
jars, and stored in the process section of the NASA locker.
Refer to Handbook of Control Procedures for proper labeling.
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8015-1C
Drying of LiBF4:
Step 1 - The required weight of LiBF4 is removed from a. stock bottle and placed
in a shallow evaporating dish. The necessary notation is made on LiBF4
Control Log (F-2).
Step 2 - The salt is dried for 48 hours in a vacuum oven at +110°C. A small
sample in a -weighing bottle of equivalent bed depth is dried along with
the main sample.
Step 3 - At the end of 48 hours, a weight is determined on the small sample, and
a water analysis by KF is done on the large sample. The results are
logged in the LiBF4 Processing Log (F-6).
If the water level is not below 500 ppm, the salt is recycled for 24 hours
of vacuum/heat drying. At the end of the recycle, a new weight and water
analysis is taken. If the number of cycles reaches five, consult engineer
in charge.
The method for water analysis is as given under KAsF^ Processing
Procedure 8015-1B.
When the water level is acceptable, the salt is packaged in Mason jars
(done in glove box) and stored in the NASA locker.
Refer to Handbook of Control Procedures for proper labeling.
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8015-1D
Preparation of Electrolyte;
The following steps are used to make LiAsFfc/MF electrolyte. All operations where
the materials are not in closed containers are performed in glove box #1 (Electrolyte
Glove Box) which is maintained in an argon atmosphere (O2 level <1%).
Step 1 - The required materials (KAsFfc, LiBF4, and MF) are removed from
the processed section of the NASA storage locker. The date removed
and the purpose for removal are logged onto the respective sheets that
apply (MF - F-5, LiBF4 - F-6, and KAsF6 - F-7).
Step 2 - The batch numbers of the constituents are logged onto Sheet #1 of the
Electrolyte Worksheet (F-9).
The water level of each of the constituents in ppm's are logged onto
the Electrolyte Data Summary (F-10).
If the water level on the constituents has not been determined for a
period of time greater than two weeks, it must be reanalyzed for
water before it can be used in the electrolyte.
The Electrolyte Worksheet (F-9) is used to log all calculations gen-
erated during the manufacturing process.
All glassware used in the process is to be baked at +110°C for eight
hours in a vacuum oven before using. All plastic apparatus receives
eight hours of vacuum (>29" mercury) before using. The following
weights result in 500 ml of three-molar electrolyte. These can be
adjusted by standard chemical calculations to obtain electrolytes of
different molarity or different volume.
Step 3 - Weigh out 342. 03 grams KAsF& in an appropriate glass container using
a triple-beam scale.
Step 4 - Weigh out 140.64 grams LiBF4 into a separate container.
Step 5 - Dissolve the KAsF6 into 750 ml of distilled MF. Use a 2000-ml beaker
and stir for one-half hour using a stirring bar and the magnetic stirrer
fitted to the glove box.
CAUTION; Step 6 is exothermic in nature and care should be exercised to prevent
excessive boiling from occurring.
Step 6 - With the KAsFe/MF solution stirring, slowly add the LiBF4 to the solution
in small enough portions so as to minimize the boiling that occurs. When
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the LiBF4 is completely added, stir the solution for a minimum
of one hour.
The solution at this time contains a ppt of KBF4 as a result of the
reaction:
KAsF6 + LiBF4 —> LiAsF6 + KBF4 ^
Step 7 - Separate the precipitate from the solution via suction filtration through
an 11 cm Buchner funnel using Whatman #42 filter paper (filter paper
is dried 48 hours in a vacuum oven). If Method A is to be followed, the
ppt is washed with three 50-ml portions of distilled MF. If Method B
is used, only one 50-ml portion of MF is used.
Steps 8, 9, and 10 can be done by two methods. It is necessary to
check with the engineer in charge at this time to establish the method
to be used.
A. Stoichiometric Comparison (Preferred)
B. Specific Gravity Comparison
If Method A is to be used, proceed through Steps 8A, 9A, and 10A; if
Method B is to be used, proceed to Steps 8B, 9B, and 10B. The pro-
cedure becomes the same for both beginning with Step 11.
Method A - Stoichiometric Comparison;
Step 8A - Place the precipitate, filter and beaker, which were used to hold the
solution prior to filtration, into a desiccator and evacuate using a
Cast air pump for one-half hour to remove the major portion of re-
sidual MF. After the vacuum, place the desiccator under a vacuum
>29" mercury for a minimum of eight hours.
Step 9A - Weigh the beaker and filter/precipitate combination, and from orig-
inal tare weights determine the total weight of precipitate. The
theoretical weight should be 188.8 grams for the example used in
the procedure.
Step 10A - Check the determined precipitate weight against the theoretical.
Agreement should be within ±2% of the theoretical value (±3. 8
grams for the example weights used in this procedure). If the
deviation is greater than this, stop the process here and consult
the engineer in charge before continuing.
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If the deviation is within range and:
(a) in excess of theoretical, the excess is considered to be
) MF not in solution but salted out in the precipitate.
(b) below theoretical, this is considered indicative of incomplete
reaction.
Depending on whether (a) or (b) applies, the appropriate calculation
is made to determine the LiAsFt in solution and the volume necessary
to give the desired final molarity. This volume is 500 ml for the
example weights given in the procedure.
Method B - Specific Gravity Comparison;
Step 8B - Determine the specific gravity of the filtrate using a calibrated 10-cc
picometer. Sample size is two.
Step 9B - Measure the volume of the remaining solution using the 1800-ml
vacuum flask.
Step 10B - With the values obtained in Steps 8 and 9, determine the molarity
using the specific gravity versus molarity chart (C-l), the number
of moles of LiAsF^ in solution, and the volume of solution necessary
to obtain the desired molarity. This volume is 500 ml for the weights
given in the procedure. The precipitate is discarded at this point;
there is no need to vacuum dry or check the -weight.
Step 11 - The desired volume is obtained by one of the following:
(a) Add distilled MF to dilute to the proper level.
(b) Apply a vacuum to the graduated vacuum bottle to evaporate MF
until the required volume is obtained.
For either (a) or (b) an 1800-ml graduated vacuum flask is used to
contain and measure the liquid.
Step 12 - The adjusted solution is bottled as follows:
(a) A 50 to 100-ml sample is placed in a 100-cc bottle with a strip
of argon-packed lithium, the bottle is sealed with a rubber stop-
per which-is then sealed with plastic adhesive tape. The bottle
is labeled and stored.
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(b) The balance of solution is packaged in a 500 or 1000-ml bottle
(whichever is appropriate) with a strip of lithium, and is sealed
in the same manner as the small sample. The bottle is labeled
as prescribed in the Handbook of Control Procedures.
Step 13 - The solution is then submitted to the following quality control checks.
A. Water content by Karl Fischer analysis (Procedure 8015-2).
B. Specific Conductivity
C. Specific Gravity
•e*
D. GC Analysis *
These data, along with processing figures, are recorded on the
Electrolyte Worksheet (F-9), and the required data are recorded
on the Electrolyte Data Summary (F-10).
Step 14 - Criterion for acceptance and handling from this point on are dis-
cussed in Handbook of Control Procedures.
Procedures under development at this time.
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KARL FISCHER ANALYSIS
PROCEDURE - LEL 8015-2
The following procedure will be used to determine the water content in the ma-
terials associated with the LiAsF^ electrolyte.
Materials and apparatus required:
Karl Fischer Reagent
Methanol Reagent Grade
2 - 1 cc syringe
3 - serum syringes
1 - 250 JJL! syringe
1 - 25 cc syringe
3 - 10 ml vials
3 - Standard Needles
1 - #22Q 1. 5" Needle
All apparatus is maintained under a vacuum >29" mercury prior to use. Vials
are baked at -f-150°C in a vacuum oven for 24 hours. A supply of these is main-
tained.
Procedure;
Step 1 - Place serum stoppers in the three 10 ml vials. Using the 25 cc syringe,
pull a partial vacuum on each vial.
Step 2 - Add one ml of methanol with the one cc syringe to each vial and shake
vigorously for a few seconds.
Step 3 - Add KF Reagent to each vial with the 250 (il syringe fitted with the #22G
1. 5" needle until the solution turns a light brown.
Step 4 - Repeat Steps 3 and 4 for each vial.
Step 5 - Add one ml of the sample to be tested to each vial.
Step 6 - Add KF Reagent until the light brown end point occurs, and note the
microliters of Reagent necessary to reach this point.
Step 7 - To determine the HZO content, multiply the number of microliters
obtained for each vial in Step 6 by the titer value. The units will be
mg of H2O/ml of solution. The value can be converted to ppm by
dividing by the specific gravity of the solution.
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Titer Value:
To obtain this value, follow the above procedure for Steps 1 through 4. Step 5
substitute, one ml of certified standard water to each vial. Then add the KF
Reagent until the light brown end point occurs.
Divide the number of microliters of KF Reagent obtained into the value of the
standard water which should be in mg H2O/ml solution. The quotient multiplied
by 1000 is the titer value.
Std.Hppvalue x 1000 = Titer Value|J.l of KF
Notes:
Baking of bottles and storage in vacuum are essential.
When a titration is started, run to completion without interruption.
Too long an interval between titrations (methanol, sample, etc. )
will distort results.
The titer value should be determined for every day that samples are
to be tested.
Each individual technician should determine his own titer value--this
will help minimize differences in individual end point determinations.
Diluted KF Reagent with a titer range of 1-2 is desirable for samples
containing less than 200 ppm H2O.. Other titrations can be done with
titer values in 4-5 range which is value of "as received" material.
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APPENDIX "B"
Chemical Analyses of Materials
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The following analysis was performed at the NASA - Lewis Research Center
on two samples of KAsF^. One sample was material "as received" from the
vendor and the other was recrystallized according to the procedure included
in Appendix "A. "
TABLE 1
Analysis--NASA - Lewis Research Center
Description of material to be analyzed and analysis desired:
Two Samples KAsFfc Analysis for Trace Metals
Analysis Report:
Atomic Adsorption Analysis
Jarrell - Asb Spectrophotometer
KAsF6 DTM-1-84 KAsF6 DTM-1 -84
As Received Batch 30 Recrystallized
Metal Concentration, ppm Concentration, ppm
Al
Cr
Cu
Fe
Mg
Ni
Ag
N.D.
0.02
N.D.
0.3
N.D.
5
0.6
N.D.
0.01
N.D.
0.18
N.D.
N.Di
0. 6
N.D. = Not Detected
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Mass Spectrographic Analysis
Samples of CuF2, CuF2-2H2O, KAsF6, and LiBF4 were submitted "as received"
to Bell & Howell Laboratories, Electronics Materials Division, Pasadena,
California; and Battelle Memorial Institute, Columbus Laboratories, Columbus,
Ohio, for mass spectrographic analysis.
The following charts list the results of these analyses:
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TABLE 2
Impurity Concentrations in Honeywell Cupric Fluoride As Reported by Bell & Howell
(In Parts Per Million By Weight)
Element 1
H
Li
B
C
N
O
Na
Mg
Al
Si
P
S
Cl
K
Ca
V
Cr
Mn
Fe
Co
. Ni
Zn
Ga
As
Y
Zr
Sb
Ba
Ce
Pb
Detection Limit 2
0.1
0.01
0.1
0.1
0.1
0. 1
0.03
0.3
0.3
20
0.7
0 . 7 4
0.7
0.1
0.7
1
1
1
2
2
3
3
2
3
2
2
3
2
3
5
CuF7.
2.3
0.021
0.3
520
40
14, 000
1,400
8.7
6.4
57
1
56
33
68
9.7
2
360
23
350
35
49
45
11
150
4.8
2.3
N.D.
N.D.
N.D.
N.D. .
CuF2 -2H2O 3
i
0.29
10
1, 100
79
i
62
27
19
N.D.
100
920
330
20
66
20
160
33
250
150
61
410
14
580
17
60
160
2.4
15
61
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TABLE 2 (Continued)
Analyses for thorium and uranium were not made. Analyses for tantalum and
gold are not given since tantalum slits are used in the mass spectrometer and
the samples were sparked against high purity gold probes. The analysis of
CuF2'2H2O does not include hydrogen or oxygen since these are matrix elements.
Other impurities not listed were not detected and have concentrations less than
5 ppmw.
2 -7 "Determined for 1 x 1 0 coulomb exposure.
Detection limits are three times those given.
4
Detection limit for sulfur in CuF2-2H2O is 30 times that listed due to interference
from O2 .
N.D. = Not Detected
Page #94
TABLE 3
Impurity Concentrations in Honeywell Lithium Fluoroborate As Reported by Bell & Howell
(In Parts Per Million By Weight)
Element 1 Detection Limit 2 LiBF4
H 0.1 . 9.6
C 0.1 9200
N 0.1 41
O 0.1 . 5700
Na 0.02 220
Mg 0.1 65
Al 0.5 400
Si 7 30
S 10 20
Cl ' 1 . 66
K 0 .05 48
Ca 1 64
Cr 2 5.3
Fe . 2 " 5.4
Co 2 45
N i 2 ' 3 . 5
Cu 3 2 15
Zn 3 3300
As 2 410
Se 3 11
Br 3 5.1
Te 5 130
Ba 3 66
1
 Analyses for thorium and uranium were not made. Analyses for tantalum,
and gold are not given since tantalum slits were used in the mass spectro-
meter and the sample was sparked against a high purity gold probe. Other
impurities not listed were not detected and have concentrations less than
5 ppmw.
, -1
Determined for I x 10 coulomb exposure.
3
 May be due to residuals in the mass spectrometer.
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TABLE 4
Impurity Concentrations in Honeywell Potassium Fluor oar senate
As Reported by Bell & Howell (In Parts Per Million By Weight)
Element 1 Detection Limit 2 KAsF&
H 0.05 3.0
Li 3 0.02 4.0
B 3 0.1 230
C 0. 1 650
N 0.1 26
O 0.1 360
Na 0.02 47
M g . 1 N.D.
Al 0.1 2.4
Si 0.2 64
S 0.2 59
Cl 0.3 49
Ca 2 N.D.
Cr 0.7 14
Fe 1 11
Ni 3 29
Cu 3 2 51
Zn 3 930
Ga 2 17
Se 3 22
Sb 5 24
1
 Analyses for thorium and uranium were not made. Analyses for tantalum
and gold are not given since tantalum slits are used in the mass spectro-
meter and the sample was sparked against a high purity gold probe. Other
impurities not listed -were not detected and have concentrations less than
7 ppma.
-7
Determined for 1 x 1 0 coulomb exposure.
3
 May be due to residuals in the mass spectrometer.
N.D. = Not Detected
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TABLE 5
Mass Spectrographic Analysis of Copper Fluoride (ppmw)
As Reported by Battelle Memorial Institute
Element
Li
Be
B
Na
Mg
Al
Si
P l
S
Cl
K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb •
Mo
Ru
Rh
Pd
Ag
Sample
#7
0.1
<0.01
0.06
30.
40.
4.
5.
<L10.
20.
20.
3.
300.
<1.
2.
0.4
10.
10.
300.
<1.
10.
20.
<1.
<0.4
<2.
<1.
<,!.
10.
15.
<0.3
<0.04
<0.6
<0.2
<0.4
<0.6
£7.
Number
#9
0.1
<0.01
0.02
300.
10.
4.
5.
_<10.
10.
20.
1.
6.
<1.
<0.2
<0.04
3.
10.
60.
<3.
20.
. 6.
<1.
<0.4
<2.
<3.
<1.
<0. 5
<0.5
<0.6
<0.4
<0.6
<0.5
<1.
<2.
<7.
Element
Cd
In
Sn
Sb
Te z
I
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb .,
Lu
Hf
Ta 3
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi
Th.
U
Sample Number
#7 #9
<1.
<0.06
:£!.
2.
5.
<0.6
2.
<0. 1 '
50.
3.
<2,
<0.3
<0.2
<0.3
<0. 1
<0.3
<0.3
<0.3
<0. 1
<0.3
<0. 1
<0.3
<0.3
<0.2
<0.3
<0.2
<0.3
<1.
<0.4
<0.5
10.
<0.4
<0.4
<0.4
<1.
<0.6
<1.
•<0.4
<0.5
<0. 1
<0.2
<0. 5
<1.
<1.
<2.
<0. 3
<0.2
<0.3
<0. 1
<0. 3
<0.3
<0.3
<0. 1
<0.3
<0. 1
<0.3
<0.3
<2.
<0.3
<0.6
<1.
<1.
<0.4
<0. 5
10.
<0.4
<0.4
<0.4
1
 Interference from CF .
2
 Interference from Cu2 .
Uncertainty due to possible contribution from Ta electrode holders.
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TABLE 6
Mass Spectrographic Analysis of KAsF^ and LiBF4 (ppmw)
As Reported by Battelle Memorial Institute
Element
Li
Be
B
Na
Mg
Al
Si
P
S
Cl
K
Ca
Sc
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Ru
Rh
Pd
Ag
Sample Designation
KAsF6 LiBF4
<10
< 0.005
£15 l
3
-JJ
10
.^15
2
10
-
10
<0.2
<2
<0.3
<0. 1
<0.3
1
<0.3
<0.05
0.6
<0.02
<0.3
<0.4
-
<3
<1
<20
<2
<1
<0.3
<5
<5
<0.5
<0.5
<2
<1
0.1
-
30
15
<2
<10
<3
6
10
10
60
<2
<10
<3
<0.3
0.3
5
<3
0.5
0.3
<2
<1
<1
<4
<1
<1
<0.4
<0.4
<1
<0.3
<0.5
<2
<0.5
<0.2
<0.6
<3
Element
Cd
In
Sn
Sb
Te
I
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
W
Re
Os
Ir
Pt
Au
Hg
Tl
Pb
Bi
Th
U .
Sample Designation
KAsF6 LiBF4
<5
<0.2
<2
3
<0.6
<0.2
<1
<0.3
<0. 1
<0. 1
<0.2
<3
<1
<0,3
<0.3
<0.3
<0.4
<0.3
<0.6
<0.3
<1
<0.3
<0.4
<2
<0.3
<0. 1
<0.3
<0.3
<0.2
<0. 1
<0.4
<0.2
<0.05
<0. 1
<0. 1
5
<0.6
<2
<1
<0.6
<1
<1
<1
<0.6
<0. 6
<3
<3
<2
<1
<0.3
<J
<2
<0.3
<1
<0.3
<1
<1
<1
<1
<1
<0.6
<1
<0.3
<0.4
<1
<0. 1
<0.3
<0.3
Possible memory from previous sample (LiBF4 run first).
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